Leptospirosis is a global public health problem, primarily in the tropical developing world. The pathogenic mechanisms of the causative agents, several members of the genus Leptospira, have been understudied. The exception to this has been the demonstration of pathogenic leptospires binding to the extracellular matrix (ECM) and its components. In this work, interactions of L. interrogans with mammalian cells, rather than ECM, were examined. The bacteria bound more efficiently to the cells than to the ECM, and a portion of this cell binding activity was attributable to attachment to glycosaminoglycan (GAG) chains of proteoglycans (PGs). Chondroitin sulfate B proteoglycans appeared to be the primary targets of L. interrogans attachment, while heparan sulfate proteoglycans were much less important. Inhibition of GAG/PG-mediated attachment resulted in partial inhibition of bacterial attachment, suggesting that additional receptors for L. interrogans await identification. GAG binding may participate in
Introduction
IAI-00546-09, revised integrity of the bacteria were assessed by dark-field microscopy in randomly chosen wells in multiple independent experiments. Unbound bacteria were removed by washing 3 times with 200 µl/well cell culture medium (without antibiotics). Because the LD 50 for one of the strains used (L. interrogans Fiocruz L1-130) is very low in hamsters (11) , all washes were taken to bleach to kill the unbound bacteria. The washed wells were solubilized with 1% SDS, and the contents transferred to Luma Plates® scintillation plates (Packard, Meriden, CT), and dried before counting in a Packard 96 well plate scintillation counter. All experiments were performed on at least three independent occasions, with each condition in quadruplicate.
For experiments in which cell layers at different degrees of confluence were tested, the cells were plated 4 days in advance to achieve "confluence + 2 days", 2 days in advance to achieve confluence, and 6 hours prior to the addition of the bacteria for the "sub-confluent" condition. For experiments in which cells vs. extracellular matrix were compared, confluent layers in 96 well plates were lifted with either 5 mM EDTA in PBS, or with Trypsin-EDTA (Gibco-Invitrogen, Gaithersburg, MD). The lifted cells were taken to 96 well v-bottom plates containing culture medium without antibiotics and washed twice in the same medium prior to the addition of bacteria and incubation in suspension for 1 hour as described above. The extracellular matrix (ECM remaining in the wells after the cells had been lifted) was washed twice with cell culture medium without antibiotics; each well was visually inspected to ensure that no cells remained.
The bacteria were then added to the ECM containing wells and centrifuged, or to the wells containing cells in suspension without a centrifugation step, and incubated as described above.
Washing to remove unbound bacteria and quantification of binding were then performed for the cells and the ECM as described above, with the exception that the cells were washed using centrifugation. In parallel experiments, ECM proteins remaining in the wells were detected by ELISA using polyclonal antisera at the dilutions recommended by the manufacturer (Chemicon, Temecula, CA) after verification of specificity. After washing, primary antibody bound was The roles of glycosaminoglycans and proteoglycans in adhesion of Leptospira strains were tested using the following modifications of the adhesion assay protocol. To inhibit transfer of the GAGs to protein cores, cells were preincubated overnight in medium containing 5 mM pnitrophenyl-β-D-xyloside (β-xyloside), an inhibitor of the xylosyltransferase required for the initial modification of the serine residues that serve as acceptors of GAG chains (Sigma-Aldrich, St.
Louis, MO). Control cells were left untreated, or were incubated with an analog, p-nitrophenyl-α-D-galactoside (α-galactoside) (Sigma-Aldrich). The cell monolayers were washed and the infection performed as described above. To test the competitive effect of exogenous GAGs or GAG analogs on leptospiral attachment to cells, the bacteria were incubated for 30 minutes at room temperature in cell medium containing 1% BSA supplemented with purified GAGs (SigmaAldrich) at concentrations ranging between 0.01 and 1000 µg/ml. The attachment assay was then performed as described above. The IC 50 was determined using the four parameter logistic model (Hill-Slope model). To determine the effect of enzymatic removal of different classes of GAGs from cell surface proteoglycans on leptospiral attachment, cell monolayers were incubated with 35 µl/well of 0.5 U of a lyase (heparinase I, heparitinase, chondroitinase AC, or chondroitinase ABC) (Sigma-Aldrich) at 37°C for 2 hours in cell medium supplemented with 1% BSA, plus the protease inhibitors aprotinin at 10 -2 trypsin inhibitory units/ml, and phenylmetyhlsulfonyl fluoride at 150 µg/ml. The monolayers were then washed with PBS 3 times and the attachment assay was performed as described.
Purified GAG binding assay
To screen for GAGs recognized by L. interrogans, 5 mg/ml of purified GAGs (Sigma-Aldrich) solubilized in water or PBS the day of plating were added to non-tissue culture 96-well plates and incubated at 4°C overnight. The plates were washed with PBS and blocked for two hours at room temperature in 50 mM HEPES, 100 mM NaCl, 1 mM MgCl 2 , 1 mM MnCl 2 , 1 mM CaCl 2 , and 3.5% BSA. Bacteria were added at 3 x 10 5 /well in the same buffer containing 1% BSA. The plates were centrifuged for 15 minutes and rocked for 45 minutes at room temperature. The wells were washed with PBS+0.2% BSA, and then treated with 1% SDS. The well contents are transferred to Luma plates and analyzed by liquid scintillation counting, as described above.
Gel Electrophoresis and Immunoblotting
The ECM proteins associated with mammalian cells lifted with EDTA were compared to those associated with intact monolayers by SDS-PAGE on 10% polyacrylamide gels under nonreducing conditions. Cells were harvested either by lifting with EDTA, as described above, or by washing the monolayers three times with PBS, then vigorously scraping the cells off the plastic in the presence of 2x SDS-loading buffer without reducing agent. The cells lifted with EDTA were suspended in the same loading buffer. The viscosity of all samples was reduced by brief sonication on ice. Aliquots of each sample were then diluted further in gel loading buffer and heated to 95°C for 5 min, and loaded immediately onto the gels. After separation by electrophoresis, the proteins were transferred to Immobilon membranes (Millipore, Bedford, MA). The membranes were either stained with Coomassie blue, or blocked in Tris-buffered saline (TBS: 25 mM Tris, 150 mM NaCl, pH 7.5)) containing 5% w/v non-fat dry milk. The latter membranes were probed with the following rabbit antisera, all from Chemicon (Temecula, CA):
anti-fibronectin (AB1945, 100 ng/ml), anti-laminin (AB19012, 200 ng/ml), anti-collagen type 1 (AB745, 1:200), anti-collagen type IV (AB748, 1 µg/ml), or anti-vitronectin (AB19014, 1 µg/ml).
After development as described below, all were re-probed with anti-actin (A-2066, Sigma
Chemical, St. Louis, MO, 1:10,000) as a loading control in addition to the general Coomassie stain. The primary antibodies were detected with goat anti-rabbit IgG (Promega, Madison, WI, 1:10,000) followed by colorimetric development.
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Statistical Analyses
The methods used to assess statistical significance varied with the type of experiment, and so are described in the Figure legends . P values of < 0.05 were considered to denote significant differences. were efficiently retained, and so were used for most subsequent studies.
Results
The degree of confluence of the mammalian cells affects Leptospira attachment
Leptospires bind to mammalian cells as well as to the extracellular matrix (ECM) deposited by the cells
One question resulting from the results shown in Figure 1 , and from the literature, is whether the Leptospira are binding primarily to the extracellular matrix or to mammalian cell surface receptors. We therefore lifted cells with EDTA, which disrupts the functions of integrins and other cell-attachment molecules, resulting in detachment of the cells fro the extracellular matrix, or with trypsin-EDTA, which also degrades proteins that are involved in cell adhesion. We then tested both the ECM remaining in the wells and the cells in suspension for Leptospira attachment. Both the ECM and the cells were washed with cell culture medium (without antibiotics) to remove the EDTA and restore the divalent cations that might be required for bacterial-cell interactions, prior to the addition of the bacteria. We found that binding to intact cell layers, in which both cells and the ECM are present, is most efficient, but that binding to cells lifted with EDTA is more efficient than is binding to the remaining ECM alone (Figure 2A ). The ECM components detected after removal of the cells varied with the cell line, as determined by ELISA (Table 1) . These results suggest that, as has been demonstrated abundantly in the literature, Leptospira do attach to ECM components, but here we demonstrate that these bacteria also bind to mammalian cell surface-specific receptors. At least a portion of the complement of cell surface receptors for Leptospira is proteinaceous in nature, as binding to possible explanation is that the serovar Copenhageni bacteria rely more on the presence of fibronectin secreted and deposited by the cells into the ECM, although it is clear that these bacteria must be able to bind to other ECM components, or to bind to soluble fibronectin that has been captured from the serum in the growth medium, as suggested by the results shown in Table 1 and by previous work by other groups (9, 36).
Proteoglycans account for some, but not all, of L. interrogans attachment to cells.
A number of pathogenic bacteria bind to particular glycosaminoglycans (GAGs), which may be conjugated to proteins to form proteoglycans (PGs). We therefore tested two mutant CHO-K1 derivatives that either do not synthesize PGs, or that express reduced levels in comparison to wild-type cells (35) , in our standard L. interrogans adherence assay. As shown in Figure 3, both of the pgs mutants tested, which are defective in PG synthesis, showed statistically interrogans sv. Copenhageni, in contrast, bound more efficiently to HEp-2 than to MDCK confluent layers (P < 0.0001). All comparisons were analyzed by the Student's two-tailed t test. The molecular weights of the dextran molecules used are indicated. Binding to heparan sulfate has not been detected in any experiment. In comparison to the PBS control by the Students two-tailed t test, P > 0.5 for dextran and low molecular weight dextran sulfate, P = 0.016 for heparin, and P < 0.001 for CSB, CSC, and high molecular weight dextran sulfate. 
